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Abstract
Purpose: Human infants exhibit a high prevalence of astigmatism. Although macaque monkeys are commonly used as animal
models in experiments on early ocular growth and emmetropization, the prevalence of astigmatism in infant monkeys is unexplored.
In this study we examine the prevalence and nature of astigmatism in infant monkeys.
Methods: Refractive and corneal astigmatism were measured in 132, 2–5-week-old rhesus monkeys (Macaca mulatta) using
cycloplegic retinoscopy and keratometry, respectively. Longitudinal measures of refractive development were obtained from 16
normal infants over the ﬁrst 6 months of life.
Results: Infant monkeys exhibited a low prevalence of astigmatism. Approximately 90% of the 2–5-week-old infants had <1.00 D
of either refractive or corneal astigmatism. When refractive astigmatism was observed, it was well correlated with the direction and
magnitude of corneal astigmatism. When corneal astigmatism was >1.00 D (n ¼ 20), it was predominantly against-the-rule in nature
(70.0%). The infant monkeys that were followed longitudinally rarely showed signiﬁcant astigmatic errors at any time during the
observation period. When these infant monkeys exhibited signiﬁcant astigmatism, it was usually transient and not present on
subsequent measurements.
Conclusions: Unlike human infants, infant monkeys exhibit relatively little astigmatism. The low prevalence of astigmatism
during early development suggests that astigmatism does not provide an essential cue for vision-dependent eye growth in infant
primates.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Astigmatism is a common refractive error in humans,
especially during early infancy (Atkinson, Braddick, &
French, 1980; Edwards, 1991; Fulton et al., 1980;
Gwiazda, Scheiman, Mohindra, & Held, 1984; How-
land, Atkinson, Braddick, & French, 1978; Mohindra,
Held, Gwiazda, & Brill, 1978; Santonastaso, 1930;
Saunders, Woodhouse, & Westall, 1995). In almost ev-
ery longitudinal study of human infants, regardless of
the measuring techniques employed or the ethnicity of
the subject population, the prevalence of signiﬁcant
astigmatism (P 1.00 D) was very high during the ﬁrst
year of life (20–70% of the population tested). The
prevalence of signiﬁcant astigmatism in human infants
typically reaches its peak at about 10 weeks of age and
then declines with increasing age, normally reaching
adult levels before school age (Atkinson et al., 1980;
Gwiazda et al., 1984; Howland & Sayles, 1984). This
infantile astigmatism is primarily corneal in nature be-
cause there is a strong, signiﬁcant correlation between
total refractive and corneal astigmatism (Howland,
1982; Howland & Sayles, 1985; Mutti et al., 1999).
The consequences of early astigmatism on emme-
tropization are unclear. One hypothesis is that early
astigmatism may facilitate emmetropization. Campbell
and Westheimer (1959) have shown that in the absence
of spherical or chromatic aberration cues, an artiﬁcially
induced astigmatism helps subjects to distinguish be-
tween hypermetropic and myopic defocus. Moreover,
Howland (1982) has proposed that the presence of
astigmatism, by eﬀectively reducing the accommodative
dead zone, encourages the eye to accurately focus on the
center of the interval of Sturm (i.e., circle of least con-
fusion). Thus, it is reasonable to hypothesize that the
presence of astigmatism could facilitate emmetropiza-
tion by providing information on the sign of defocus
and by improving the accuracy of accommodation or
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possibly the precision of emmetropization itself. An al-
ternative hypothesis is that early astigmatism may dis-
rupt emmetropization in a similar manner as form
deprivation (e.g., Fulton, Hansen, & Petersen, 1982). In
numerous animal species, including humans, early form
deprivation has been shown to promote excessive axial
growth and myopic refractive errors (humans: Rabin,
Van Sluyters, & Malach, 1981; monkeys: Smith,
Harwerth, Crawford, & von Noorden, 1987; Wiesel &
Raviola, 1977; marmosets: Troilo & Judge, 1993; tree
shrews: Sherman, Norton, & Casagrande, 1977; chick-
ens: Wallman, Turkel, & Trachtman, 1978). Like form
deprivation, the presence of astigmatism degrades the
retinal image in a chronic manner because the optical
consequences of astigmatism cannot be eliminated by
accommodation or by changes in viewing distance.
Moreover, even very low amounts of astigmatism (0.25
D) can produce detectable alterations in retinal image
quality (Charman & Voisin, 1993; Pujol, Arjona, Arasa,
& Badia, 1998). Thus, it is possible that the degradation
in retinal image quality associated with astigmatism
promotes the development of myopia. This hypothesis
is supported by studies that have found an association
between early astigmatism and myopia in children
(Fulton et al., 1982; Gwiazda, Grice, Held, McLellan, &
Thorn, 2000).
Although macaque monkeys are an important animal
model in vision experiments related to eye develop-
ment and emmetropization, little is known about ocular
astigmatism during early infancy in these species. The
purpose of this study was to determine the prevalence of
astigmatism in normal infant rhesus monkeys and to
examine the relationship between refractive and corneal
astigmatism. Our ultimate goals are to determine the
factors that promote astigmatism in developing eyes and
the consequences of early astigmatism on primate em-
metropization.
2. Methods
2.1. Subjects
Cross-sectional data were obtained from 132 normal
infant rhesus monkeys (Macaca mulatta) that were 2–5
weeks of age (mean age¼ 23.8 days, SD¼ 4.7 days). In
addition, longitudinal data were obtained from 16 nor-
mal infant monkeys from about 3 weeks to 6 months of
age.
All of the infant monkeys were obtained at 1–3 weeks
of age and were housed in our primate nursery that was
maintained on a 12-h-light/12-h-dark lighting cycle. The
details of the nursery care for our infant monkeys have
been described in a previous paper (Smith & Hung,
1999). All of the rearing and experimental procedures
were reviewed and approved by the University of
Houston’s Institutional Animal Care and Use Com-
mittee and were in compliance with the National Insti-
tutes of Health Guide for the care and use of Laboratory
Animals.
2.2. Biometric measurements
All of the measurements were performed while the
infant monkeys were anesthetized (intramuscular injec-
tion: ketamine hydrochloride, 15–20 mg/kg and ace-
promazine maleate, 0.15–0.2 mg/kg; topical: 1–2 drops
of 0.5% tetracaine hydrochloride). Cycloplegia was
achieved by instilling multiple drops of 1% tropicamide
topically 25–30 min before retinoscopy (see Smith &
Hung (1999) for details). While the measurements were
being taken, the eyelids were gently held apart by a
custom made speculum and the corneal tear ﬁlm was
maintained by frequent irrigation using a saline solu-
tion. The ﬁrst measurements were performed when the
infants were 2–5 weeks of age and then at 2–4 weeks
intervals thereafter for the animals followed longitudi-
nally.
Refractive error along the pupillary axis for each eye
was measured independently by two investigators in
each session using a streak retinoscope and a hand-held
trial lens bar (see Smith & Hung (1999) for details). A
given eye’s refractive status was taken as the mean of
these two measurements speciﬁed in minus cylinder
form (Harris, 1988). Astigmatic errors that would be
corrected by minus cylinder lenses oriented with their
axes within the ranges of 180 30 and 90 30 were
classiﬁed as with-the-rule (WTR) and against-the-rule
(ATR) astigmatism, respectively. Astigmatic errors with
correcting cylinder axes outside these two ranges were
classiﬁed as oblique astigmatism. Unless otherwise sta-
ted in the text, ‘‘astigmatism’’ in this paper refers to the
magnitude of the minus cylinder lens used to correct an
eye’s astigmatic error.
One of two diﬀerent instruments was used to measure
corneal curvature. For each animal we attempted ﬁrst to
measure corneal curvature for each eye using a hand-
held keratometer that was aligned on the eye’s pupillary
axis (Alcon Auto-keratometer; Alcon Systems Inc., St.
Louis, MO). To test the repeatability of the corneal
curvature measurements obtained for monkeys with this
instrument, we compared two sets of ﬁve consecutive
readings that were taken from 26 monkeys (age¼ 1–18
months). There was a 5-min interval between the ﬁrst
and second sets of measurements. For analysis purposes,
each conventional sphero-cylindrical reading (calculated
assuming a corneal refractive index of 1.3375) was de-
composed into a mean spherical equivalent power (M), a
cosine Jackson cross-cylinder component (J0) and a sine
Jackson cross-cylinder component (J45) using Fourier
analysis (Thibos, Wheeler, & Horner, 1997)
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M ¼ S þ 0:5  C
J0 ¼ 0:5  C  cos 2a
J45 ¼ 0:5  C  sin 2a
where S is the magnitude of the spherical power, C the
magnitude of the cylindrical power and a the axis of the
minus cylinder correcting lens.
The repeatability of the corneal curvature mea-
surements improved substantially when at least three
readings were averaged. The mean diﬀerences (ﬁrst set
second set) and 95% limits of agreement (given in the
parentheses below) between the ﬁrst and second sets of
three readings were þ0.06 (þ0.49 to 0.37), þ0.08 (0.59
to 0.43) and 0.03 (þ0.40 to 0.46) for theM, J0 and
J45 components, respectively (Fig. 1). The relatively
small ranges for the 95% limits of agreement for all three
components suggest high repeatability for this instru-
ment. Adding more readings produced relatively small
additional improvements in repeatability. Thus, for this
study we chose to obtain three readings from each eye,
the average of which was taken as the corneal curvature
(Harris, 1988).
Some of the younger infant monkeys (n ¼ 63) had
corneal curvatures that were outside the measurement
range of our hand-held keratometer (>62.00 D). For
these monkeys, corneal curvature was assessed using a
corneal video-topographer (EyeSys 2000; EyeSys tech-
nologies Inc., Houston, TX). The ‘‘simulated K’’ read-
ings computed from the topographic map for the central
3 mm of the cornea were taken to represent the mon-
keys’ corneal curvatures. In order to assess the agree-
ment between the corneal curvature measurements from
our two instruments, we compared the corneal curvature
measurements obtained for 34 infant monkeys where it
was possible to get both measurements (n ¼ 68 eyes).
Our results showed that the mean diﬀerences (hand-held
keratometer––corneal topographer) and the 95% limits
of agreement (given in the parenthesis below) between
the two instruments for the M, J0 and J45 cylindrical
components were 0.27 (þ0.69 to 1.22), 0.09 (þ0.49
to 0.66) and þ0.04 (þ0.47 to 0.40) D, respectively
(see Fig. 2). Near its operational limits (from 61.5 to
62.0 D, see Fig. 2A), there was a tendency for the hand-
held keratometer to systematically read lower power
values than the corneal topographer. Assuming that mea-
surement errors are distributed symmetrically around a
cornea’s true power, this small truncation eﬀect was
expected and contributed to the small overall mean
diﬀerence in the spherical equivalent power reading for
the two instruments. Although the mean diﬀerences be-
tween these two instruments were statistically signiﬁcant
forM and J0 components (paired t-test, p < 0:05), given
that astigmatism in clinical setting is typically speciﬁed
in 0.25 D steps, these diﬀerences are insigniﬁcant for all
practical purposes. Thus the data presented below rep-
resent a compilation of data obtained with the two in-
struments.
The eyes’ axial dimensions were measured by A-scan
ultrasonography implemented with a 7 MHz transducer
(Image 2000; Mentor, Norwell, MA). Ten separate
measurements were averaged and the intraocular dis-
tances were calculated using a weighted average velocity
of 1550 m/s.
3. Results
There were no statistically signiﬁcant diﬀerences in
either spherical-equivalent refractive error, the average
corneal curvature or the magnitude of astigmatism (re-
fractive or corneal) between the two eyes of our infant
monkeys (paired t-test, p > 0:05). Consequently except
Fig. 1. Short-term repeatability of the hand-held keratometer for (A)
spherical equivalent corneal curvature (M); (B) cosine Jackson Cross-
Cylinder (Cosine JCC, J0) and (C) sine JCC (J45) components for 41
eyes of 26 monkeys. The averages and diﬀerences for the two sets of
three consecutive readings are plotted on the abscissa and ordinate,
respectively. The solid horizontal lines represent the mean diﬀerences.
The two dashed lines indicate the 95% limits of agreement.
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for the interocular comparisons that include the results
from both eyes, only data for the right eyes are reported
here.
3.1. Refractive properties of infant monkeys
The mean (SD) spherical-equivalent refractive error
and average corneal refracting power for our 132, 2–5-
week-old infants wereþ4:28 1:46 D andþ61:84 1:81
D, respectively. The ages of the males (n ¼ 78) and fe-
males (n ¼ 54) were similar at the time of data collection
(mean SD: males ¼ 24:1 4:9 days versus females ¼
23:3 4:4 days; two sample t-test, p ¼ 0:35). However,
the average corneal curvature in males was signiﬁcantly
ﬂatter than in females (mean SD: males ¼ 61:23 1:67
D versus females ¼ 62:72 1:63 D; two sample t-test,
p < 0:001). This gender diﬀerence in average corneal
curvature was associated with signiﬁcantly longer axial
lengths and vitreous chamber depths in males than in
females (mean SD: axial length ¼ 14:50 0:35 mm
versus 14:34 0:39 mm; vitreous chamber depth ¼
8:63 0:27 mm versus 8:52 0:29 mm, two sample t-
tests, p < 0:05). The gender diﬀerences in corneal power
were counterbalanced largely by these diﬀerences in
axial dimensions. Consequently, there were no signiﬁ-
cant diﬀerences in spherical equivalent refractive errors
for males and females (mean SD: males ¼ 4:42 1:52
D versus females ¼ 4:08 1:36 D; two sample t-test,
p ¼ 0:18).
3.2. Prevalence of astigmatism in infant monkeys
We found that infant monkeys have a low preva-
lence of signiﬁcant amounts of astigmatism. The mag-
nitudes of refractive and/or corneal astigmatism rarely
exceeded 1.00 D (mean SD: refractive ¼ 0:18 0:22
D; corneal ¼ 0:63 0:48 D). Fig. 3 shows the preva-
lence and distribution of refractive and corneal astig-
matism in our cross-sectional data set. The upper left
histogram illustrates that almost all of the monkeys
(99.2%) exhibited <1.00 D of refractive astigmatism.
Similarly, over 85% of the monkeys show <1.00 D of
corneal astigmatism (upper right histogram). The lower
doubled-angle polar plots show the direction and mag-
nitude of astigmatism (minus cylinder correcting lens)
for individual monkeys. It is apparent that most data
points are clustered within the inner circles representing
1.00 D of refractive or corneal astigmatism. The mean
values (centroids) for the refractive and corneal astig-
matisms, calculated by converting the polar values
(cylinder and axis) to a Cartesian coordinate system
(Holladay, Dudeja, & Koch, 1998), were 0:04 D
90:3 and 0:17 D 90:1, respectively. For eyes with
P1.00 D of corneal astigmatism, there was a tendency
for the cylinder axis to be near 90 (see below). Neither
age (regression analysis, p > 0:05) nor gender (two
sample t-test, p > 0:05) had a signiﬁcant eﬀect on the
magnitude of either refractive or corneal astigmatism in
our population of 2–5-week-old infants.
The prevalence of signiﬁcant refractive and corneal
astigmatism was also low in our longitudinal data set.
Fig. 4 shows the longitudinal changes in refractive and
corneal astigmatism for the 8 normal monkeys that ex-
hibited <1.00 D of corneal astigmatism throughout the
ﬁrst six months of life. It is clear that the magnitude of
astigmatism was low at the ﬁrst measurement session
and remained low throughout the observation period in
these monkeys. Fig. 5 shows the longitudinal changes in
refractive and corneal astigmatism for the 8 normal
monkeys that exhibited P1.00 D of corneal astigma-
tism on at least one occasion during the ﬁrst six months
of life, typically before three months of age. It should be
Fig. 2. Comparison of the corneal power readings obtained with the
hand-held keratometer and the corneal topographer. (A) Spherical
equivalent corneal curvature (M), (B) cosine Jackson Cross-Cylinder
(Cosine JCC, J0) and (C) sine JCC (J45) components for 68 eyes of 34
monkeys. The averages and diﬀerences between the readings obtained
with the hand-held keratometer and the corneal topographer are
plotted on the abscissa and ordinate, respectively. The solid horizontal
lines represent the mean diﬀerences. The two dash lines indicate the
95% limits of agreement.
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noted that in many of these monkeys astigmatic errors
P1.00 D were only observed on one occasion (e.g.,
monkeys ORM, IDA, ODE and RIS in Fig. 5). In these
instances the astigmatic errors were found on keratom-
etry and not by retinoscopy, and no signiﬁcant astig-
matic errors were found on either the preceding or
subsequent measurement sessions. Although it is possi-
ble that astigmatic errors are very transient in infant
monkeys, astigmatic errors like these can occur when the
keratometer is not properly centered on the corneal
apex. Thus it is possible that some of these astigmatic
errors are due to alignment errors. However, even if we
consider these measurements to reﬂect the true state of
the eye, the incidence of signiﬁcant refractive and cor-
neal astigmatism was always very low.
To visualize the average changes in astigmatism for
all 16 of the longitudinal monkeys, growth curves were
generated for corneal and refractive astigmatism using a
locally weighted regression, scatter-plot-smoothing al-
gorithm implemented with SPLUS statistical software
Fig. 3. Prevalence and distribution of refractive (A) and corneal astigmatism (B) for 2–5-week-old infant monkeys. The upper histograms indicate
the frequency for diﬀerent amounts of astigmatism. The lower polar plots show the direction and magnitude of astigmatism (minus cylinder cor-
recting lens) for individual monkeys. Each data point in the polar plots represents the power (radius) and axis (angle) of the minus cylindrical
correcting lenses for given animal.
Fig. 4. Longitudinal changes in the magnitude of refractive (ﬁlled symbols) and corneal astigmatism (open symbols) for the eight normal monkeys
that exhibited <1.00 D of corneal astigmatism throughout the longitudinal observation period.
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(S-Plus 2000, MathSoft Inc.). As shown in Fig. 6, while
the average amount of corneal astigmatism (right) de-
creased systematically throughout the observation pe-
riod (linear regression analysis, p < 0:05), the average
amount of refractive astigmatism (left) increased slightly
from 2 weeks to about 125 days of age and decreased a
small amount after that (p < 0:05; a regression analysis
with dummy-variables was used since linear regression
analysis was not appropriate for this growth curve
(Kleinbaum, Kupper, Muller, & Nizam, 1998)). Al-
though the age-dependent changes in astigmatism rep-
resented in both of these growth curves were signiﬁcant,
the magnitudes of these changes were <0.25 D.
The low prevalence of astigmatism found in normal
infant monkeys was not due to our inability to detect the
presence of astigmatism with our biometric measure-
ments. Using the same biometric methods employed in
this study, we have previously found that certain rearing
strategies produce signiﬁcant amounts of (up to 3–4 D)
refractive and corneal astigmatism in infant monkeys.
In these previous experiments, we were able to clearly
observe the systematic onset and subsequent decline of
astigmatism in these specially reared animals. Moreover,
the direction and magnitude of corneal and refractive
astigmatism were always well correlated in these mon-
keys (Smith, Huang, & Hung, 1998; Kee, Hung, &
Smith, 1999).
3.3. Properties of astigmatism in infant monkeys
If an infant monkey exhibited refractive astigmatism
(P0.25 D), the magnitude and axis of refractive astig-
matism were signiﬁcantly correlated with those of the
eye’s corneal astigmatism. Fig. 7 compares the corneal
and refractive astigmatism, speciﬁcally the total amount
of astigmatism, and the amplitudes of the J0 and J45
components, for individual 2–5-week-old monkeys that
had at least 0.25 D of refractive astigmatism (n ¼ 45).
Fig. 5. Longitudinal changes in the magnitude of refractive (ﬁlled symbols) and corneal astigmatism (open symbols) for the eight normal monkeys
that exhibited 1.00 D or more of corneal astigmatism at some point during the longitudinal observation period.
Fig. 6. Refractive (A) and corneal astigmatism (B) plotted as a function of age for the 16 normal monkeys that were followed longitudinally. The
growth curves represented by the solid lines were generated using a locally weighted, regression, scatter-plot-smoothing algorithm.
1354 C. Kee et al. / Vision Research 42 (2002) 1349–1359
Pearson correlations and the respective p values for all
of the refractive and corneal components are shown in
Table 1. We found that the refractive and corneal
components were well correlated for total astigmatism
and the J0 and J45 components (Pearson correlations
¼ 0.73, 0.41 and 0.46, respectively; p < 0:05). More-
over, the magnitude of refractive astigmatism was cor-
related with the J0 component of corneal astigmatism
(Pearson correlation ¼ 0:39; p < 0:05), indicating that
when refractive astigmatism was present it was typically
associated with either with- or against-the-rule corneal
astigmatism. Indeed, for the 2–5-week-old monkeys that
had P1.00 D of corneal astigmatism (n ¼ 20), Ray-
leigh’s test (Batschelet, 1981) revealed that the axis of
astigmatism was not randomly distributed (see Fig. 3,
r2 ¼ 0:47, n ¼ 20; p < 0:05). Instead the axes were
clustered around a mean direction of 90.1 (59.0).
Using standard clinical criteria, 70% of the monkeys
with P1.00 D of corneal astigmatism had ATR astig-
matism and WTR astigmatism (25%) was more common
than oblique astigmatism (5%).
The bivariate regression line for total astigma-
tism (Fig. 7A; refractive astigmatism ¼ 0:27  corneal
astigmatism þ 0:21) indicates that the magnitude of
corneal astigmatism was typically larger than the mag-
nitude of refractive astigmatism. These results suggest
that the refractive astigmatism observed in infant mon-
keys was largely corneal in nature, and that part of the
corneal astigmatism might have been counterbalanced
by intraocular components. Subtracting corneal astig-
matism from refractive astigmatism using Fourier
analysis showed that the average residual or internal
astigmatism for individual monkeys in our cross-sec-
tional data set was 0:14 D 179:9. The magnitude
and direction of this residual astigmatism were consis-
tent with the low amounts of refractive astigmatism
found in those monkeys that exhibited zero corneal
astigmatism (see Fig. 4). However, methodological is-
sues could have contributed to the small discrepancy
between refractive and corneal astigmatisms. For ex-
ample, while keratometry measures only about the
central 3 mm of the cornea, retinoscopy relies on light
refracted through the entire pupil. It is also possible that
the keratometer is more sensitive to small astigmatic
error.
To see how corneal astigmatism correlated between
the two eyes in individual subjects, we compared the left
and right eyes of the 2–5-week-old monkeys (n ¼ 131,
left eye data was not available for one infant). Our data
showed that both total astigmatism (Pearson correla-
tion¼ 0.44; p < 0:001) and the J0 components (Pearson
correlation¼ 0.44; p < 0:001), but not the J45 compo-
nents (Pearson correlation ¼ 0:10; p ¼ 0:25), were well
correlated between the two eyes (Fig. 8).
Fig. 7. The amount of refractive astigmatism as a function of the amount of corneal astigmatism. Total amount of cylinder (A), Cosine JCC (B) and
Sine JCC (C). Pearson correlation tests showed that there was a signiﬁcant correlation between refractive and corneal astigmatism for all three
astigmatic components (p < 0:05). In each plot, the solid line represents the bivariate orthogonal regression line and the dashed line represents a
reference line of slope¼ 1.
Table 1
The Pearson’s correlations and p values for corneal and refractive
astigmatism
Refractive Corneal
Cylinder J0 J45
Pearson correlations
Cylinder þ0.73 0.39 þ0.10
J0 0.20 þ0.41 þ0.15
J45 0.23 0.04 þ0.46
P values
Cylinder 0.00 0.01 0.53
J0 0.19 0.01 0.34
J45 0.13 0.79 0.00
Only monkeys that exhibited at least 0.25 D of refractive astigmatism
were included in the analysis. Refractive and corneal astigmatic com-
ponents (‘‘cylinder’’¼ total astigmatism, J0 and J45) are arranged in
rows and columns, respectively. In addition to total astigmatism and
the J0 and the J45 components, a signiﬁcant correlation was also
found between refractive cylinder and corneal J0.
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4. Discussion
The main ﬁnding of this study was that normal
monkeys have a low prevalence of astigmatism during
early infancy, much lower than what has been reported
for age-equivalent human infants. Fig. 9 plots the
prevalence of signiﬁcant refractive astigmatism (P1.00
D) as a function of age from eight longitudinal studies
of human infants. To facilitate comparisons between
human and monkey data, the ages of our monkeys have
been scaled upward by a factor of 4 to compensate for
interspecies diﬀerences in the rates of ocular develop-
ment (Bradley, Fernandes, Lynn, Tigges, & Boothe,
1999). Our cross-sectional data showed that approxi-
mately 90% of 2–5-week-old monkeys had <1.00 D of
either refractive and/or corneal astigmatism. This ﬁnd-
ing was further supported by our longitudinal data set,
which also showed that astigmatic errors >1.00 D were
very uncommon at any time within the ﬁrst six months
of life. In contrast, virtually every one of the major
studies of human infants reported a substantially higher
prevalence of signiﬁcant astigmatism than we observed
in our infant monkeys. For example, between 8 and 20
weeks of age, an equivalent age range that includes all of
our cross-sectional data, the prevalence of signiﬁcant
astigmatism in human infants varied between 14% and
92% with a mean value of 53%. Thus, we conclude that
unlike humans, monkeys have a low prevalence of sig-
niﬁcant astigmatism during early infancy.
4.1. Interspecies comparison
Signiﬁcant amounts of refractive astigmatism have
been reported in some common laboratory animals; these
include young kittens (Freeman, 1980) and chickens
(Schaeﬀel, Hagel, & Eikermann, 1994; Schmid & Wild-
soet, 1997; however, see Thibos, Cheng, Phillips, &
Collins, 2001). The direction and magnitude of refrac-
tive astigmatism reported in young kittens (Freeman,
1980) and chickens (Schmid & Wildsoet, 1997) were
correlated with the direction and magnitude of corneal
astigmatism. Moreover as in humans, the magnitude of
astigmatism decreased during development.
Why do monkey infants have far less astigmatism
than other animal species? One explanation could be
that higher amounts of astigmatism were present prior
to the start of our observation period (i.e., younger than
2 weeks of age). Although we cannot exclude this pos-
sibility, it seems unlikely because the eﬀect of age on
either refractive or corneal astigmatism was not signiﬁ-
cant in the 2–5-week-old infants and age had a minimal
eﬀect (<0.25 D) between 3 weeks and 6 months of age
(n ¼ 16).
Because refractive astigmatism is largely corneal in
nature, an alternative explanation for the low prevalence
of refractive astigmatism in infant monkeys could be
Fig. 8. The correlation of corneal astigmatism between the right and the left eyes for our cross-sectional data. The open and ﬁlled symbols represent
individual monkeys that had <1.0 D and P1.0 D of corneal astigmatism in their right eyes, respectively. In each plot, the solid line represents the
bivariate orthogonal regression line for all data points and the dashed line represents a reference line of slope¼ 1. Signiﬁcant interocular correlations
were found for total astigmatism and the Cosine JCC (J0), but not the Sine JCC (J45) component.
Fig. 9. Prevalence of signiﬁcant refractive astigmatism (P1.00 D) in
human and monkey populations plotted as a function of age in weeks.
Diﬀerent open symbols represent the results from the diﬀerent human
studies as indicated in the legend. To facilitate comparisons, the ages of
the monkeys were scaled upward by a factor of 4 to compensate for the
diﬀerent rates of ocular development. The cross sectional and longi-
tudinal monkey data are represented by diﬀerent ﬁlled symbols. The
prevalence of astigmatism in our longitudinal data set was calculated
based on the number of subjects cited below each symbol.
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that factors that lead to signiﬁcant corneal astigmatism
in other species are absent in infant monkeys. Several
studies suggest that the interaction between eyelid ten-
sion and ocular rigidity may have an impact on corneal
astigmatism. Signiﬁcant amounts of astigmatism that
are associated with abnormal eyelid conditions (e.g.,
hemangioma) tend to resolve when the eyelid abnor-
malities resolve (Bogan, Simon, Krohel, & Nelson,
1987). Moreover, while normal eyelid tension is not it-
self correlated with corneal toricity in humans (Vihlen &
Wilson, 1983), lifting the eyelids from contact with the
globe results in a steepening of the horizontal meridian
of the cornea and a mean shift in corneal toricity (Wil-
son, Bell, & Chotai, 1982). Thus, it is plausible that the
low prevalence of corneal astigmatism in infant mon-
keys is due to low eyelid tension and/or a relatively rigid
eyeball. Similarly, it may be speculated that human in-
fants who exhibit high amounts of astigmatism might
have relatively high eyelid tension and/or soft eyeballs.
Although no attempts were made to measure eyelid
tension in our infant monkeys, simple inspection sug-
gests that the eyelids of infant monkeys are more deli-
cate than those of human infants.
Another possibility is that the pattern of ocular
growth may be diﬀerent in infant monkeys and infant
humans. In particular, we have previously observed that
visual manipulations that reduce axial growth rates in
infant monkeys (e.g., myopic defocus) promote the de-
velopment of corneal astigmatism. On the other hand,
viewing conditions that accelerate axial growth (e.g.,
form deprivation or hyperopic defocus) are associated
with a low prevalence of astigmatism (Kee et al., 1999).
Similarly, chickens eyes with axial myopia due to form
deprivation also have less astigmatism than their fellow
untreated eyes (Schmid & Wildsoet, 1997). Thus it is
possible that the amount of astigmatism is inﬂuenced
by an interaction between the processes responsible for
axial elongation and those controlling corneal develop-
ment. In infant monkeys, the normal axial elongation
rate is apparently appropriate for the maintenance of a
relatively spherical cornea. In comparison, in human
infants the normal axial elongation rate during the ﬁrst
several months of life may not be suﬃcient to maintain a
spherical cornea. The normal age-dependent reduction
in astigmatism in infant humans could reﬂect a relative
change in the balance between axial elongation and
anterior segment maturation.
4.2. Direction of astigmatism
In monkeys, we have shown that when infantMacaca
mulatta monkeys have signiﬁcant amounts of astigma-
tism, it is predominantly ATR in nature. In contrast,
Kiely et al. (1987) found that when young Macaca fas-
cicularis monkeys had more than 1.0 D of corneal
astigmatism (age range: 7.5–35 weeks, n ¼ 11), the ver-
tical corneal meridian was typically steeper than the
horizontal meridian (10 of the 14 eyes, Kiely et al.,
1987). However, potential limitations associated with
the instrumentation that they used to measure corneal
curvature and the fact that they did not report the axis
of astigmatism for their infant monkeys, makes it diﬃ-
cult to compare our results to theirs. In chickens, two
studies using diﬀerent breeds of chickens have also noted
a diﬀerence in the orientation of astigmatism. Schmid
and Wildsoet (1997) reported a high prevalence of ATR
refractive astigmatism in young White Leghorn-New
Hampshire Cross chickens, but Schaeﬀel et al. (1994)
found mostly WTR refractive astigmatism in White
Leghorn chicks (Gallus domesticus). Thus, the predom-
inant orientation of astigmatism varies among animal
species but is typically either WTR or ATR; oblique
astigmatism is rare.
Similarly, although most studies of human infants
report relatively large amounts of astigmatism, there is
considerable disagreement between these studies con-
cerning the predominant orientation or axis of early
astigmatism. The factors that are responsible for this
disagreement remain unclear. Although ethnicity of the
subjects has received much attention (Thorn, Held, &
Fang, 1987; Ehrlich et al., 1997), recent studies showed
conﬂicting results even within the same ethnic group.
For example, while Thorn et al. (1987) found that
Caucasian infants exhibited predominantly ATR astig-
matism, Ehrlich et al. (1997) and Mutti et al. (1999)
observed that the majority of their Caucasian infants
had WTR astigmatism. Thus, factors other than eth-
nicity may be responsible for the observed diﬀerences in
the predominant orientation of astigmatism. The point
we want to make here is that while oblique astigmatism
is rare, there is no ‘‘unique’’ predominant orientation of
astigmatism in all animal species.
4.3. Possible impact of astigmatism on emmetropization
Because astigmatism can potentially improve the ac-
curacy of accommodative responses and provide cues
for the sign of optical defocus (Campbell & Westheimer,
1959; Howland, 1982), it is reasonable to think that
early astigmatism could facilitate emmetropization.
Howland (1982) has argued that an astigmatic eye may
eﬀectively gain information on the sign of defocus by
comparing the images for the two principal meridians,
and thus help the eye focus visual targets at the circle
of least confusion. Based on Howland’s model, one
would then predict that during emmetropization an as-
tigmatic eye would match its physical axial length to
the plane where the circle of least confusion is formed
more accurately and eﬃciently than a non-astigmatic
eye. However, the results of this study and other recent
animal studies suggest that the presence of astigmatism
does not facilitate emmetropization in this manner.
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First, we have previously shown that infant monkeys
reared with optically imposed astigmatism do not em-
metropize to the circle of least confusion. Rather, in the
presence of astigmatism, emmetropization appears to be
directed toward one of the two line foci, more frequently
the line focus that is associated with the least hyperopic
meridian (Kee, Hung, Qiao, & Smith, 2000). Second,
most studies of chickens reared with optically imposed
astigmatism during early development failed to ﬁnd
accurate refractive compensation to the plane of the
circle of least confusion (Irving, Callender, & Sivak,
1995; Schmid & Wildsoet, 1997; however, see Phillips &
Collins, 2000). Third, despite the low prevalence of in-
fantile astigmatism in infant monkeys found in this
study, emmetropization still proceeded accurately in
these normal monkeys (Smith & Hung, 1999). Thus, it
seems unlikely that the presence of astigmatism facili-
tates emmetropization in young monkeys.
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